High-purity transparent conductive Al-doped ZnO (AZO) films were grown by KrF excimer pulsed laser deposition. We used ultraviolet and X-ray photoelectron spectroscopes to directly measure the absolute values of the vacuum work function of AZO films. The structure and electrical and optical properties of the as-grown AZO films were studied using X-ray diffraction, room temperature Hall effect measurement and spectro photometer, respectively. Finally, organic light emitting diodes (OLED) were fabricated on these AZO films. OLED device measurement showed that the current of the OLED with AZO was clearly increased. Our AZO thin films showed a higher conductivity (& ¼ 1:33 Â 10 À4 cm, R s ¼ 10:1 /sq) than conventional indium tin oxide films.
Introduction
Transparent conductive oxide (TCO) films have been widely used in optoelectronic devices, solar cells, and panel displays. 1) Of all TCO films, indium tin oxide (ITO) is the most extensively used anode material in displays due to its high visible transmittance and low electrical resistivity. 2) However, since indium is a rare and expensive element, ITO films are relatively expensive. 3) On the other hand, undoped ZnO thin films generally typically exhibit n-type conduction with a background electron concentration as high as 10 21 cm À3 . 4) Recently, ZnO or impurity-doped ZnO have been actively investigated as alternative materials to ITO because ZnO is a nontoxic, inexpensive, and abundant material. 5, 6) It is also chemically stable under plasma processes that are commonly used for the production of solar cells. Various techniques including chemical vapor deposition, sputtering, pulsed laser deposition (PLD), and atomic layer epitaxy, have been used to deposit crystalline ZnO thin films. 7) Among several fabrication techniques, PLD has attracted much attention because it is quite suitable for optoelectronic devices using ZnO thin films. The composition of films grown by PLD is quite close to that of the target, even for a multi component target. 8) PLD films may be crystallized at deposition temperatures lower than those used in other physical vapor deposition techniques due to the high kinetic energies of the ionized and ejected species in laser plumes.
In this work, we report on the chemical, electrical, and optical properties of Al-doped ZnO (AZO) films grown by KrF excimer PLD. The AZO films were used as anode material for OLED devices and the device current-voltage properties of these films were compared with those of a control device fabricated in commercial ITO. Figure 1 shows a schematic diagram of the PLD system. Transparent conductive AZO films were prepared by pulsed laser deposition on quartz glass substrates. The pulsed laser was a KrF excimer laser (Lambda Physik, LPX305icc, ! ¼ 248 nm, 25 ns pulse width) with an energy fluence of 2 J/cm 2 . AZO films were prepared by ablating a ZnO target containing 2 wt % Al 2 O 3 . A substrate was placed 40 mm away from the target and heated up to 1000 C. A typical growth run consisted of 9,000 laser shots with a repetition rate of 10 Hz. Then the resulting AZO films revealed thickness of about 200 nm. All the films were also deposited on quartz glass cleaned in an ultrasonic bath using acetone and then ethanol for 5 min. The deposition chamber was initially evacuated to 5 Â 10 À3 Pa and during deposition, oxygen gas was introduced into the growth chamber and the pressure was set at 0.67 Pa using a conductance valve and a turbo molecular pump. The as-grown AZO films were characterized by X-ray diffraction (XRD; Rigaku, RINT 2100/PC) analysis with a Cu K (! ¼ 1:5406 Å ) source. Surface and atomic composition analyses were performed by X-ray photoelectron spectrometry (XPS; VG Scientific, Sigma Probe) with an Al K (1486.6 eV). The surface morphology was observed by atomic force microscopy (Seiko Instrument, SPI 3800N). The growth rate and thickness of the sample were determined by cross-sectional scanning electron microscopy (JEOL JSM-T200). Transmission through the films was measured using a UV-visible spectrophotometer in the wavelength range from 200 to 800 nm. The electrical properties of the AZO films were measured by the van der Pauw method at a magnetic field of 0.3 T at room temperature. The ultraviolet photoelectron spectroscopy (UPS) spectra were recorded using the photon energy of a UV source (in our case, He I radiation at h# ¼ 21:22 eV) when the samples were biased at À10:0 V during UPS in order to observe low-energy secondary-electron cutoff. For each sample, the work function is calculated from the UPS spectrum by subtracting the energy of the incident beam from the difference between the Fermi edge and the low energy cutoff of secondary electrons.
Experimental Methode

AZO film fabrication and characterization
OLED device fabrication and characterization
For the fabrication of OLEDs with an emission area
0 -diamine (TPD) known as hole transporting material and tris(8-hydroxyquinolinato) aluminum (Alq 3 ) were thermally deposited on the AZO substrates. The base pressure of the deposition was below 5 Â 10 À3 Pa. For comparison, a control device was fabricated on the commercial ITO (Samsung Corning, 20 /sq) substrate under the same conditions.
Results and Discussion
The optical emission intensity of a plasma plume generated by ablating AZO is measured at a distance d ¼ 10 mm from the target surface. Figure 2 shows the spectrum of plasma produced at pO 2 = 0.67 Pa. Figure 3 shows the XPS spectra, for which the calculated atomic composition percentages of the Al-doped ZnO sample at pO 2 = 0.67 Pa and T s ¼ 300 C is as follows: Al ¼ 0:60, C ¼ 2:98, O ¼ 8:51, and Zn ¼ 87:89. The 2 wt % Al-doped ZnO sample has 0.60% Al on the surface of the films. Figure 4 shows a typical He I UPS spectrum for AZO on the kinetic energy scale. The spectrum was taken for À10:00 V sample bias so that the sample inelastic cutoff could be distinguished from that due to the spectrometer. The work function was determined by using:
where E cutoff and F Fermi are the kinetic energies of the secondary-electron cutoff and the Fermi level, respectively. 9) In our system, the work function for the AZO films is 4.08 eV. The work function obtained here is consistently lower than that commonly cited for ITO (4.70 eV, see also Fig. 7) . 10, 11) This may have some important consequences in correlating a certain device performance with respect to the work function of the electrode. For example, the mechanism of OLED is configured with a recombination of electrons and holes, so that TCO is employed as hole injection electrodes, and low work-function metals as electron injection electrodes. In these cases, the work function of TCO determines hole injection barrier height, which in turn has a crucial effect on the performance of OLED.
12)
The transmittance of AZO films reaches up to 88% in the visible range (400 -800 nm), and it decreases slightly from 93 to 88% with an increase in substrate temperature from 100 to 500 C. Because our goal is to prepare a transparent electrode with a high conductivity for OLED, a film with a high transmittance in the visible range is very important. Figure 5 shows the transmission curves for the AZO film grown under 0.67 Pa of O 2 at 300 C and ITO film. A conventional ITO film has transmittance of about 80%. This indicates that AZO films could transmit more light, and therefore, the AZO film would be a better anode material for OLED. As substrate temperature increases from 100 to 300 C, resistivity decreases from 1:97 Â 10 À4 to 1:33 Â 10 À4 cm and then increases again (see also Table I ). The decrease in resistivity is due to the increase in both carrier concentration and carrier mobility. As substrate temperature increases to 500 C, the corresponding resistivity becomes 3:92 Â 10 À4 cm. The slight increase in the resistivity of the films grown at higher substrate temperatures from 300 to 500 C may be due to the contamination of the remaining on quartz glass substrate after cleaning process. Carrier concentration in the AZO films was observed to gradually increase as deposition temperature was increased. This increase in carrier concentration may be due to an enhancement of the diffusion of Al atoms from interstitial locations and grain boundaries into Zn cation sites. Carrier mobility increases from 30.5 cm 2 /(V s) at 100 C to 37.6 cm 2 /(V s) at substrate temperature of 300 C, then decreases to 14 cm 2 /(V s). Figure 6 shows the current-voltage curves for the OLED with an AZO anode and an ITO anode for comparison, where the AZO films were grown under 0.67 Pa of O 2 at 300 C. The device structure used in this work is also shown in the insert of Fig. 6 . It can be seen from the currentvoltage curve that the current of the OLED with the AZO anode is better than that of the OLED with the ITO anode because of low resistivity and sheet resistance. However, it can also be seen that the current of OLED with that of the OLED with ITO anode increases rapidly from 12 V because of relatively high work function compared with AZO electrode. The relationship between the device performance and the above-stated TCO work function could be explained by the energy barrier height drawn in Fig. 7 . The barrier height in the anode between AZO and TPD is about 1.65 eV and the barrier height in the cathode between Al and Alq 3 is about 1.00 eV. However, the ITO work function increases to 4.70 eV, and the barrier height on the anode side decreased to about 1.03 eV, nearly the same as the barrier height on the cathode side. This leads to a more balanced injection of holes and electrons, and the improvement of its recombination. However, we can enhance the work function by an appropriate surface modification technique by improving the carrier injection properties at the AZO/TPD interface. Furthermore, OLED require that cathode materials have a low work function to achieve a high electron injection efficiency. Alloys with low work functions (LiF/Al or Mg/ Ag) are highly reactive and rapidly oxidized in air to become half transparent. On the other hand, the use of TCO with high work functions allow the fabrication of transparent OLED (also called top and bottom-emitting) when stacked with the organic thin films transparent to visible radiation. Here, it is necessary to have a TCO with a lower-workfunction surface for the transparent OLED cathode. The work function of AZO films is consistently lower than that commonly cited for ITO. Hence, the AZO film would be a better cathode material for transparent OLED. The present results suggest that optimized AZO films should be very useful and effective for transparent OLED and top-emissiontype OLED and for various other types of optoelectronic device such as solar cells or passive photo devices.
Conclusions
Transparent conductive, Al-doped ZnO films were deposited on quartz glass substrates by pulsed laser deposition. The electrical and optical properties, surface work function, and elemental composition of these films were characterized and investigated. Standard OLED were fabricated on the Aldoped ZnO samples by thermal evaporation. The AZO films formed at a substrate temperature of 300 C showed a low electrical resistivity of 1:33 Â 10 À4 cm, a carrier concentration of 1:25 Â 10 21 cm À3 , and a carrier mobility of 37.6 cm 2 /(V s) at an oxygen pressure of 0.67 Pa. A transparent AZO electrode had high transmission, low sheet resistance and resistivity compared with an ITO electrode. The AZO films show comparable electrical and optical properties to those of ITO films and are emerging as a good alternative to ITO for device application. 
